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Physics Department, Naval Postgraduate School, Monterey, CA 93943, USA
The Boeing Corporation Defense & Space Group has
designed a visible-to-infrared wavelength Free Electron
Laser (FEL). This high-average-power EL will yield I
kW average optical power at A = 0.6 VLm wavelength. This
paper focuses on the trapped-particle instability and ways
of minimizing its effects in the Boeing FEL. Boeing's plan
is to eliminate the instability in order to narrow the power
spectrum for better propagation through a transmissive
window in the atmosphere.
The interaction of electrons along the length of the
undulator can be altered by modifying the properties of the
undulator. Tapering the undulator will alter the gain
spectrum and the electron beam interaction so that the FEL
will have increased power at saturation. At normal satura-
tion, electrons lose sufficient energy to enable them to drop
out of the gain spectrum bandwidth. As the energy of the
beam decreases and shifts across the gain bandwidth, the
resulting change in the beam's phase velocity is given by
AP 4'rN Ayy -27r, where N = 220 is the number of
undulator periods and Ay/y -0.1 % is the beam's energy
change. A resonant interaction can be re-established by
tapering the undulator field in order to extract more energy
from the trapped electrons. When operating properly, the
FEL reaches high-power saturation and about half the
electrons are trapped in the closed orbits of phase-space.
The dimensionless synchrotron frequency for the
trapped electrons in a tapered undulator is PS v (la12 
32)1"4 where al is the dimensionless field strength. and 
is the phase acceleration [1]. This equation shows that a
must be greater than in order to trap electrons [1]. A
10% energy taper [2], 3o = 887r, reduces the synchrotron
oscillations and results in roughly a 4% gain increase in
strong fields. Phase space simulations [1] indicate the
chosen energy taper may reduce the trapped-particle
instability. However, these simulations only model one
pass through the undulator. Additional modeling over
many passes is necessary to validate the performance of
this taper in the FEL oscillator.
In both the tapered and untapered cases, sidebands can
form around the fundamental frequency at P,-nni. Fig. I
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illustrates the results of a simulation with periodic bound-
ary conditions in a window corresponding to one slippage
distance along the beam. The dimensionless current is
j = 658 at all points in the window, and interacts with the
optical field for n 400 passes. The electrons start uni-
formly spread in phase along z with a phase velocity
spread of o(r, = I1. The resonator loss on each pass is
determined by Q = 5 corresponding to the 20% loss
described in Ref. [2].
The bottom left corner of Fig. I shows the gain, G(n), at
the end of each pass through the undulator, starting at
resonance v0 = 0 from initial optical field a = 1, with
noise 6a = 1. Other modes begin to grow increasing the
gain and the power P(n) shown at the bottom right. As
the electrons slip back past the optical field site and
execute synchrotron oscillations, they continually modulate
the wave envelope. The middle left box depicts a chaotic
optical field amplitude after mode saturation and the
growth of sidebands. The peak field amplitude is
a(z, n)- 2340. The middle center shows the optical
power spectrum P(', n). Power P(n) increases dramatically
as sidebands appear in the power spectrum P(v, n). The
final power spectrum P) shows several prominent
sidebands up to 8P 200 away from the fundamental. The
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Fig. 1. FEL wrap evolution with an untapered undulator.
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frequency spread is large at AA/A - 8/27rN 15% with a
7% shift away from the resonance. The rectangular tick
mark points at the center of the final power spectrum.
The electron phase velocity spectrum f(v, n) at the top
right corner of Fig. I shows how a spread is caused by the
trapping of electrons in strong optical fields. The rectan-
gular tick-mark indicates the final value of the beam's
averaged phase-velocities and shows a loss of energy
corresponding to Ay (Ar)I4-rN 2% with a large
spread of more than 8%. The spread in the electron's
phase-velocity distribution at the end of each pass f(i, n),
increases as the strong optical fields extract more energy
from the beam. The peak-to-peak height of the closed-orbit
region of phase space, 4 Ia= 4,, gives an estimate of
the induced spread at each pass. In normal, single mode
saturation the electron spread is only , = 27r, after the
trapped-particle instability occurs, the peak field is ai
2340 increasing the synchrotron frequency to < = 157r.
Fig. 2 is a simulation conducted with the same parame-
ters as Fig. I but with the addition of a 10% energy taper
in the undulator of = 88ir and increased Q = 10 [1,2].
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Fig. 2. FEL wrap evolution with a tapered undulator.
The sidebands are not eliminated. Both the sidebands and
the trapped-particle instability occur causing the peak field
amplitude to be chaotic and destroying the operation of the
tapered undulator. The average wavelength shift is A/A 
4% with a wavelength spread of =8%. The electron beam
energy spread is greater than 10% due to the large taper,
but most electrons remain untrapped. We tried I D simula-
tions starting with much stronger optical fields, and with a
smaller 5% taper ( = 44Tr), but could not find parameters
that would allow a single-mode optical field so that the
tapered undulator could work properly. 4D simulations
using Q = 5 did remove the instability.
Boeing's FEL design incorporates a tapered undulator to
diminish the effects of the trapped-particle instability, but
the large dimensionless j results in chaotic optical power.
The additional sidebands that develop not only contribute
to the instability, but they result in the increased peak
optical power. For sufficiently low values of j and Q, the
trapped-particle instability does not occur and the FEL can
operate in a steady-state single mode []. Increasing the
product jQ z 102 results in the trapped-particle instability
in an untapered undulator [I]. For such a large j tapering
alone does not appear to be sufficient to remove the
trapped-particle instability in Boeing's design.
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